The mechanisms controlling the expression of two genes during the differentiation of HL60 cells have been studied. The relative abundance of one mRNA, designated 2B5, increases during retinoic acid-induced differentiation; this increase can be accounted for, in part at least, by a marked increase in the rate of transcription of the gene. The relative abundance of the second, pCG56, decreases during retinoic acid-induced differentiation although the rate of transcription of this gene also increases during the course of differentiation.
INTRODUCTION
Control of gene expression may be effected at several different levels, including transcription of the gene, processing of the primary transcript, transport of the message, mRNA stability, and translation of the mRNA on polysomes (1) . There are examples of genes whose expression is under control at one or more of these points in various types of cells, but little is known as yet about the relative importance of these mechanisms in regulating the changes in gene expression that occur during differentiation. Undoubtedly transcriptional control plays a major role, perhaps mediated by a series of differentiation stage-specific trans-acting factors (2) . However, it has become clear that control of gene expression during differentiation may also be effected at a post-transcriptional level (1) .
A good model system is a necessary pre-requisite for studies of the coordination of changes in cell proliferation and gene expression which | IRL Press Limited, Oxford, England.
occurs during differentiation of cells down a specific lineage to a specialised mature cell.
To this end we have used the human leukaemic cell line HL60 which allows study of gene expression during human myeloid cell differentiation O, 2 *). The cells are promyelocytes but they can be induced to differentiate in culture to granulocytes, the mature cell type of the granulocyte lineage, by treatment with the vitamin retinoic acid (5) . Moreover, the cells can also be induced to differentiate down a different but related pathway, the monocyte/macrophage pathway, by addition of the phorbol ester TPA (6) . Thus, using this model system it is possible to study changes in gene expression during cell differentiation and also to compare changes in gene expression during differentiation of cells down related, but distinct, differentiation lineages. We have isolated, from a human myeloid leukaemic leukocyte cDNA library (7), several cDNA clones which represent mRNAs differentially expressed during HL60 cell differentiation. We have studied two of these sequences in detail, and have shown that, while the change in the expression of one is under transcriptional control during HL6O cell differentiation to granulocytes, that of the second is regulated by a combination of transcriptional and post-transcriptional controls.
MATERIALS AND METHODS

Screening of the cDNA library
The recombinant cDNA library used has been described (7) . Colony hybridisation screening and plasmid dot filter hybridisation were carried out as described by Wiedemann et al (7) . Cell culture HL6O cells were cultured in RPMI-1640 (Flow), 0.255 NaHCO , 2 mM glutamine, 1 mM pyruvate, 10$ foetal bovine serum. Cells were gassed to 5% CO and passaged thrice weekly at 2-5x10 cells/ml.
Cultures at 2x10 /ml were induced to differentiate down the granulocyte or monocyte/macrophage -6 -7 pathways by addition of 1x10 M retinoic acid or 1.6x10 M 12-0-tetradecanoyl-1-phorbol-13-acetate (TPA), respectively. The extent of induction of cultures was determined by cytocentrifugation of samples, staining with May-Grunwald and Giemsa, and quantification of cell types by light microscopy. Isolation of RNA Cells were lysed in 5 M guanidinium thiocyanate, 50 mM tris-HCl pH 7.0, 50 mM EDTA. Total cellular RNA was prepared from cell lysates and nuclear RNA from isolated nuclei as described previously (8) . Polysomal RNA was prepared by lysis of cells in hypotonic buffer, pelleting of polysomes by high-speed centrifugation through 2 M sucrose in an M.S.E. Prepspin Ultracentrifuge at 49,000 rev/min for 5 h at 4 C in an 8x25 ml fixed-angle rotor, and extraction of RNA as described by Jacobs and Birnie (9) . Poly(A) and poly(A) RNAs were separated by 2 rounds of oligo(dT)-cellulose chromatography (10) . Quantitative RNA dot-blot analysis Serial doubling dilutions were prepared from RNA in sterile water (50 Ug/ml for poly(A) RNA, 500 ug/ml for poly(A) RNA). Dilutions were heated o at 65 C for 15 min and chilled before dotting 4 ul samples in duplicate onto Sartorious nitrocellulose membranes which had been prepared by wetting in distilled water then soaked in 20xSSC (1xSSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) and air dried (11) . Filters were baked at 80 C for 2 h to immobilise RNA. Northern blot analysis RNA samples were electrophoresed for 3 h at 120 volts in 1? agarose gels containing 2.2 M formaldehyde. RNA samples were denatured prior to o electrophoresis by incubation at 70 C for 10 min in 90% dimethyl sulphoxide, 100 mM LiCl, 10 mM tris-HCl, pH 7.5. RNA was blotted immediately onto nitrocellulose as described by Thomas (12) . Hybridisations Filter hybridisations were carried out using nick-translated P-labelled probes (Amersham International kit) in 50% formamide, 5xSSC, o 10% dextran sulphate at 42 C overnight (13) .
Following hybridisation o filters were washed to O.USSC, 0.1% SDS at 65 C. Filters were exposed to o Kodak XRP film with intensifying screens at -70 C. Nascent transcript elongation in isolated nuclei Nuclei were isolated from HL60 cells and nascent transcripts were elongated in RNase A-treated nuclei as described by Schibler et al (14) . The resulting labelled RNA was hybridised for 4 days to plasmid DNAs that had been denatured and dotted onto nitrocellulose as described by Maniatis et al (15) . After autoradiography, intensity of hybridisation to dots was quantified by densitometry scanning of the autoradiographs. DNA sequencing DNA sequencing was done by the Sanger technique, using recombinant M13 phage and an Amersham International sequencing kit as described (16) . 
Hvbridisation-selection and in vitro translation
Hybridisation-selection of mRNA was carried out as described by Maniatis et al (15) .
In vitro translation was performed with a rabbit reticulocyte in vitro translation system (Amersham International). acid-induced and 3 days TPA-induced HL60 cells.
RESULTS
Selection
Screening was initially carried out using the Grunstein-Hogness method and selected, isolated recombinant plasmid DNAs were re-screened with the same P-cDNAs using the DNA dot hybridisation method of Thomas (12) . This screening procedure abundance of 2B5 sequences is some 16-fold greater in RNA from retinoic acid-induced HL60 cells than in uninduced cell populations, and about 50-fold greater than in TPA-induced cells (Table 1) .
In contrast, pOG56 RNA is more abundant in poly(A) RNA from TPA-induced HL60 cells than in retinoic acid-induced cell RNA; however, its relative abundance in both induced-cell populations is lower than that in uninduced HL60 cells (Table  1) .
Rehybridisation of these RNA dot blots with a probe for an actin sequence showed that similar amounts of RNA were present in the corresponding dots of each series (data not shown). Northern blot analysis of the abundances of transcripts in nuclear and polvsomal RNA during HL60 cell differentiation Further examination of the relative abundances of pOG56 and 2B5 RNAs in both the poly(A) and poly(A) fractions of nuclear and polysomal RNAs isolated from uninduced and induced HL6O cells was done by Northern blot analysis. Figure 2 shows that, in both retinoic acid and TPA-induced HL60 cells, p0G56 transcripts are polyadenylated and located almost exclusively on the polysomes. In particular, little hybridisation can be detected to any of the nuclear fractions from either of the differentiated cell populations. Surprisingly, however, pCG56 RNA in uninduced cell cultures is + + much more abundant in nuclear poly(A) RNA than in polysomal poly(A) RNA. Indeed, the small amount of pCG56 RNA in the latter could have been contributed, in part if not wholly, by the small proportion of more mature cells that are present in cultures of uninduced HL60 cells (17) . In addition, p0G56 RNA is not detectable in nuclear poly(A) RNA, and the RNA are the same size as the mature polysomal mRNA sequence (Figure 2) .
Hybridisation of an identical Northern blot with a P-labelled probe + for 2B5 sequences shewed that they are most abundant in polysomal poly(A) + RNA from retinoic acid-induced cells, and much less so in nuclear poly(A) RNA. Transcripts homologous to 2B5 could not be detected in any of the RNAs from TPA-induced cell fractions, and they were only detected in polysomal + poly(A) RNA from uninduced cells after a long exposure (Figure 3) .
Hybridisation of 2B5 and P -microglobulin (18) probes to Northern blots of nuclear and polysomal RNAs from uninduced HL5O cells (Figures 3 and 4 ) demonstrated that the poly(A) RNAs were undegraded, and that the relative abundances of both these mRNA sequences were much higher in polysomal than nuclear poly(A) RNA. Thus, the unusual distribution of pOG56 RNA between the nuclear and polysomal RNAs of uninduced HL60 cells is not due to artefacts of RNA preparation or of cell fractionation.
These data indicate that the large increase in the relative abundance of 2B5 transcripts in HL60 cells following retinoic acid induction reflects (14) in nuclei isolated from HL60 cells cultured in the presence of retinoic acid for 0 to 5 days. For each gene the rate of transcription in each preparation of nuclei was estimated as a proportion of the maximum observed rate (=100).
the large increase in the abundance of the sequence on the polysomes of the differentiated cells. They also show that there is a decrease in the relative abundance of pCG56 transcripts in total cellular RNA after induction, and a dramatic reversal of the nuclear-polysomal distribution of this sequence that is seen in uninduced cells.
Differentiation-linked changes in transcription rates
Changes in the rates of transcription of the genes encoding pCG56 and 2B5 were measured using a nuclear transcript elongation assay (14) with nuclei isolated from HL60 cells each day during induction of the cells with retinoic acid (days 0-5).
The cells were examined histochemically at each day of induction to check the extent of induction down the granulocyte pathway before nuclei were prepared. Figure 5 shows that the rates of transcription of both the 2B5 gene and the pCG56 gene increase markedly during differentiation to reach a maximum at about the same time, viz. the fourth day after induction. 
DISCUSSION
We have isolated recombinant plasmids containing cDNA inserts homologous to two RNA sequences whose abundances in HL60 cells change during the course of induced differentiation to granulocytes or to monocytes/ + macrophages. The relative abundance of one, 2B5, in whole cell poly(A) RNA is increased by induction with retinoic acid and decreased during TPA-induced differentiation. The retinoic acid-induced increase is a direct + reflection of an increased abundance in the polysomal poly(A) RNA, and can be accounted for, in part at least, by a marked increase in the rate of transcription of the gene. The regulation of the change in expression of this gene during granulopoiesis is therefore similar to that of, for example, the adult globin genes during haemopoiesis (19) .
The abundance of the second RNA studied, pCG56, in whole cell poly(A) RNA is decreased during the induction to granulocytes and, to a lesser extent, to monocytes/macrophages.
However, the change in the abundance of pCG56 RNA that occurs during retinoic acid-induced differentiation appears to be a consequence of a complex interaction among several control mechanisms, including a post-transcriptional mechanism that has not previously been demonstrated in differentiating cells. First, our data show that the steady-state level of pCG56 RNA decreases during differentiation despite a concomitant increase in the rate of transcription of the gene. This indicates that pCG56 RNA is less stable in induced than in uninduced cells.
The existence of a wide diversity of stabilities among individual mRNA species has been demonstrated (20) , and it has been shown that differing rates of decay of mRNAs constitute one form of posttranscriptional control of gene expression (1) . It has also been shown that increased steady-state levels of actin and tubulin mRNAs in cultured hepatocyctes are predominantly due to increased stability of those mRNAs (21) , while the prolactin-induced increase in the relative abundance of casein mRNA in mammary gland organ cultures results from concomitant increases in casein gene transcription and sequence-specific casein mRNA stability (22) . Nevertheless, it is surprising to find evidence for a gene like that encoding pCG56 RNA, for which an increased rate of transcription in differentiated cells is more than counterbalanced by an increased rate of decay of the transcript. Second, our data show that the bulk of the pCG56 transcripts (if not + all) are in the nuclear poly(A) RNA from uninduced cells, but in the + polysomal poly(A) RNA in induced cells. That is, despite there being an overall decrease in the relative abundance of pCG56 RNA in HL60 cell cultures after retinoic acid induction, there is a marked increase in the abundance of this mRNA on the polysomes of the differentiated cells. Changes in stability of pCG56 RNA during differentiation appear to be an inadequate explanation of this observation since that would require an increase in stability of the polysome-associated pOG56 RNA concomitant with a decreased stability of the nuclear transcripts.
Regulation at the level of nuclear transcript processing would also seem to be unlikely. We failed to detect any but apparently fully processed polyadenylated pCG56 transcripts in nuclear RNA from uninduced cells, although we cannot rule out the possibility that some relatively minor modification of the nuclear transcripts takes place only after induction.
However, our data are consistent with the occurrence of a control at the level of nucleo-cytoplasmic transport of the mature mRNA. That is, in uninduced cells, nucleo-cytoplasmic transport of pCG56 mRNA is so slow that it constitutes the rate-limiting step between transcription of the gene and turn-over of the mRNA associated with ribosomes in the cytoplasm.
In the induced cells, on the other hand, nucleo-cytoplasmic transport of this sequence is so much more rapid that it is no longer rate-limiting, and the relative abundance of pOG56 RNA in polyscmes is regulated by the relative rates of transcription of the gene and decay of the polysomal mRNA. Thus, a change in the intrinsic stability of pOG56 RNA need not be invoked to explain its decreased abundance in whole cell RNA following induction of differentiation if pOG56 mRNA is protected from decay in uninduced cells by its being largely nucleus-restricted, but not so protected in induced cells where it is polysome-associated.
In addition, comparison of the data for pOG56 and 2B5 RNAs, which were obtained from the same RNA preparations, clearly shows that regulation of nucleo-cytoplasmic transport of mRNAs is sequence-selective.
The mechanisms involved in nucleo-cytoplasmic transport of mature mRNAs, and the control of this process, are poorly understood.
However, some evidence for sequence specificity in the selection of mRNAs for transport to the cytoplasm has been described.
For example, studies of nucleo-cytoplasmic transport from isolated nuclei demonstrated a degree of sequence-specific selection of several sequences (9) , while stimulation of isolated rat-liver nuclei with insulin was shown to cause the release of some mRNAs encoding proteins whose production in vivo is controlled by the hormone (23) .
Zasloff (24) found that nucleo-cytoplasmic transport of tRNA is not a passive process, but is carrier-mediated, and suggested that this provides a potential basis for specific control of the transport of messenger ribonucleoproteins.
The demonstration that adenovirus infection can block transport of newly synthesized host-cell mRNA from nucleus to cytoplasm (25, 26) is in accord with this hypothesis.
In addition, it has recently been shown in our laboratory that the glucocorticoid-dependent expression of the a -globulin gene is regulated in vivo, in part at least, at the level of nucleo-cytoplasmic transport of the mRNA (27) .
Darnell (1) postulated that post-transcriptional control of gene expression may play an important role in development and/or differentiation, and that control processes, especially those regulating the expression of 'housekeeping' functions, may be quite complex. Our initial observations regarding the control of gene expression during the differentiation of HL60 cells provide evidence in support of this postulate.
They show that a differentiation-stage-related change in the expression of at least one gene is regulated by the interaction of both transcriptional and posttranscriptional controls. Furthermore, they show that sequence-specific selection of mRNAs at the level of nucleo-cytoplasmic transport is an effective mechanism of post-transcriptional control of gene expression, thus providing further evidence to support the conclusion of Fulton et al (27) that regulation of polysomal mRNA abundance by post-transcriptional mechanisms other than mRNA stability may be important in some situations. The possibility of modulating the relative abundances of polysomal mRNAs by the concomitant operation of controls acting at different levels must afford a cell the opportunity of exerting an extremely fine control over the expression of certain genes, and that could be particularly important during differentiation.
